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We review recent work on all-fiber (long-period fiber grating) devices for optical pulse shaping, particularly flat-top pulse
generation, down to the subpicosecond range and their application for nonlinear switching (demultiplexing) of optical time-
division multiplexed (OTDM) data signals in fiber-optic telecommunication links operating up to 640Gbit/s. Experiments are
presented demonstrating error-free 640-to-10Gbit/s demultiplexing of the 64 tributary channels using the generated flat-top
pulses for temporal gating in a Kerr-eﬀect-based nonlinear optical loop mirror. The use of flat-top pulses has critical benefits
in the demultiplexing process, including a significantly increased timing-jitter tolerance (up to ∼500 fs, i.e., 30% of the bit period)
and the associated improvement in the bit-error-rate performance (e.g., with a sensitivity increase of up to ∼13 dB as compared
with the use of Gaussian-like gating pulses). Long-period fiber grating pulse shapers with reduced polarization dependence are
fabricated and successfully used for polarization-independent 640-to-10Gbit/s demultiplexing experiments.
1. Introduction
Techniques for the precise synthesis and control of the tem-
poral shape of optical pulses with durations in the picosec-
ond and subpicosecond regimes [1] are of fundamental im-
portance for a wide range of applications in ultrahigh-bit-
rate optical communications, particularly to enhance the
performance of a range of nonlinear optics-based data-pro-
cessing operations [1–10]. As a very relevant example,
(sub)picosecond flat-top (rectangular-like) optical pulses are
highly desired in applications requiring the use of a well-
defined temporal gating window, for example, for nonlinear
time-domain switching of optical telecommunication data.
The use of flat-top optical pulses as control/gating pulses in
nonlinear time-domain optical switches translates into im-
portant advantages as compared with the (more conven-
tional) use of Gaussian-like optical control pulses. Figure 1
illustrates the concept of nonlinear optical switching for tem-
poral demultiplexing of serial optical time-division multi-
plexed (OTDM) data. For optimum performance, the gating
pulse has to be shorter than the one-bit time window and at
the same time it should have constant intensity over a time
interval as long as possible. Both of these requirements can
be fulfilled when using flat-top pulses. Indeed, as illustrated
in Figure 1, flat-top optical control pulses increase the toler-
ance to timing jitter in the system, thus improving the over-
all performance of the nonlinear switching scheme, for ex-
ample, leading to a significantly improved receiver sensitivity
(needed input signal power to achieve a bit error rate, BER <
10−9) [2–6].
Flat-top optical pulse waveforms can be generated from
Gaussian-like optical pulses (easily generated from mode-
locked laser systems) using many diﬀerent pulse-shaping
techniques [1–7, 11–15]. From a practical viewpoint, the
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Figure 1: General schematic of demultiplexing in OTDM by nonlinear switching and illustration of the timing-jitter tolerance improvement
achieved by use of flat-top pulse gating.
two following features are highly desired: (i) linear pulse
reshaping techniques are attractive because they generally
require a simpler implementation and are independent of the
input optical pulse power; (ii) an all-fiber implementation
allows for low insertion loss, robust, and low-cost realization
with full compatibility with fiber-based systems. Notice that
in a linear re-shaping method, the steepness of the rise/decay
edges in the synthesized flat-top waveform is limited by the
input optical bandwidth. Concerning linear all-fiber flat-
top temporal pulse shapers, a very interesting method is
based on the use of customized in-fiber Bragg (short-period)
gratings (FBGs) operating in reflection [2–4, 12]. A FBG
device is essentially a (quasi)periodic perturbation of the
fiber refractive index that is permanently photo-induced
along the length of a relatively short section of the optical
fiber [16]. FBGs are designed to induce coupling between two
counter-propagating modes, namely, the same fundamental
mode in the fiber as it propagates in two opposite directions,
around a target resonance wavelength. Roughly speaking,
FBGs behave as wavelength-selective mirrors. For flat-top
pulse re-shaping, an FBG is used as a linear filter operating
over an input Gaussian-like (or soliton-like) optical pulse
and the grating coupling-strength and period profiles are
designed to achieve the desired sinc-like spectral transfer
function. This pulse-shaping strategy is thus based on the
proper manipulation of the spectral-domain features of the
input optical pulse in order to obtain the spectral profile that
corresponds to the desired temporal profile. This so-called
Fourier-domain approach has been extensively used in con-
ventional optical pulse shapers based on nonfiber solutions,
namely, bulk diﬀraction gratings [1] and integrated arrayed-
waveguide gratings [11]. The main limitations of FBG-based
optical pulse shapers are that (i) a complex amplitude and
phase grating profile is usually required and (ii) due to
the FBG limited bandwidth, temporal waveforms shorter
than a few tens of picoseconds cannot be easily synthesized.
This latter limitation is related to the spatial resolution of
the grating-strength variation that can be practically photo-
inscribed along the fiber.
It has been previously anticipated [17] that the two
mentioned limitations could be overcome using long-period
fiber gratings, LPGs, instead of FBGs. LPGs are based on
coupling between two copropagating modes, typically the
fiber fundamental (core)mode and any of the fiber’s cladding
modes [16]. In particular, two diﬀerent LPG-based concepts
have been proposed for optical flat-top pulse shaping. The
first one [17] is a general method, eventually enabling the
synthesis of almost any desired pulse shape by properly tai-
loring the grating coupling-strength and period variations.
However, this method is diﬃcult to implement in practice
since the pulse re-shaping operation typically needs to be
realized via a “core mode to cladding mode” coupling or vice
versa [18] (i.e., the input and output signals must be in dif-
ferent fiber propagationmodes). The secondmethod is based
on the use of an ultrafast optical diﬀerentiator, that is, a linear
optical filter designed to calculate the first time derivative of
an incoming arbitrary optical waveform. In particular, it has
been shown that flat-top pulse waveforms can be synthesized
by propagation of a Gaussian-like optical pulse through an
optical diﬀerentiator by properly detuning the input pulse
central wavelength with respect to the resonance (zero-
transmission) wavelength of the diﬀerentiator [14]. Ultrafast
optical diﬀerentiators capable of operation over THz band-
widths (corresponding to input time features well in the
subpicosecond range) can be created using either a single
uniform LPG operating in full coupling condition [19, 20] or
a Mach-Zehnder-(MZ-) type all-fiber interferometer created
by concatenation of two ultrabroadband uniform LPGs [21].
LPG-based optical pulse shapers [14, 15, 22] have
enabled the synthesis of flat-top optical pulses well in the
subpicosecond range, that is, with full-width-at-half-maxi-
mum, FWHM, time widths as short as ∼700 fs [23], about
10–20-times shorter than with any other reported all-fiber
method, for example, FBG-based pulse shapers. This im-
provement has in turn enabled the development of a range
of nonlinear optical telecommunication data processing
schemes enhanced by flat-top pulse shapers at unprecedented
bit rates, namely, up to 640Gbit/s [24–27]. Error-free
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demultiplexing of OTDM signals with significantly improved
timing-jitter tolerances has been demonstrated using LPG-
based pulse shapers. This represents a critical advance in
the field because for high-speed serial data transmission that
operates at rates of 160Gbit/s and above, management of
the timing jitter becomes extremely important while being
increasingly challenging [28–33]. In addition, the LPG pulse
shapers can be fabricated to exhibit very low polarization
sensitivity [23, 26, 27]; this latter feature can be exploited
to create polarization-independent OTDM demultiplexing
systems [27].
This work reviews recent progress on the design and fab-
rication of all-fiber (LPG-based) picosecond and subpicosec-
ond flat-top optical pulse shapers [14, 15, 17–22] and their
application to nonlinear optical telecommunication data
processing [23–27], particularly demultiplexing of OTDM
serial data using nonlinear optical loop mirror switches with
flat-top gating pulses, at bit rates up to 640Gbit/s. The
reviewed set of experiments demonstrate error-free 640-to-
10Gbit/s data signal demultiplexing over the 64 OTDM
channels with a significantly improved performance over the
use of Gaussian-like control/gating pulses, for example, in
terms of receiver sensitivity (up to ∼13 dB, with a penalty
over the 10Gbit/s back-to-back measurements as low as
∼0.5 dB), time jitter tolerance (up to ∼500 fs, corresponding
to ∼30% of the OTDM signal bit period), and optimized
polarization insensitivity. The paper is structured as follows:
Section 2 reviews the principle of the flat-top pulse shaping
based on ultrafast optical diﬀerentiation Section 2.1 together
with two diﬀerent LPG-based implementations, namely, a
single-LPG filter Section 2.2 and a double-LPG MZ-type
interferometer Section 2.3. The application of these two
pulse-shaping technologies for demultiplexing of 640-Gbit/s
OTDM data signals is revisited in Section 3, including the
most relevant experiments based on the use of single-LPG
pulse shapers Section 3.1 and those based on the use of
double-LPG pulse shapers Section 3.2, such as polarization-
independent demultiplexing. Finally, Section 4 outlines the
main conclusions and future prospects of the work reviewed
here.
2. Flat-Top Pulse-Shaping
Principle and Long-Period Fiber
Grating (LPG) Implementations
2.1. Flat-Top Pulse Shaping Based on Optical Diﬀerentiation.
The flat-top pulse reshaping technique used in the reviewed
work is based on a filtering scheme that employs an optical
temporal diﬀerentiator [14]. It has been anticipated that any
desired ultrafast temporal waveform could be synthesized as
a linear superposition of a Gaussian-like pulse and its succes-
sive time derivatives [34]. The used flat-top pulse reshaping
method is based on this general property and in particular,
it exploits the fact that a flat-top intensity waveform can be
well approximated by only two terms of the general series,
that is, by a proper combination of the input Gaussian-like
pulse and its first time derivative. In what follows we describe
an extremely simple mechanism to implement this idea; this
mechanism is based on the use of an optical diﬀerentiator
where the relative weight between the two required temporal
terms is easily adjusted through frequency detuning between
the input pulse and the diﬀerentiator resonance [14].
Optical temporal diﬀerentiation [19, 20] (that operates
over the complex time-domain envelope of an optical signal)
can be realized using a linear filter that has a spectral transfer
function proportional to i(ω − ω0), where ω0 is the central
frequency of the optical diﬀerentiator (frequency of zero
transmission), ω is the angular optical frequency variable,
and i is the imaginary unit. When considering an input
optical pulse of temporal envelope u(t) (spectrally centred
at ωcar), with a resulting output optical pulse of temporal
envelope v(t), the diﬀerentiator was shown to provide the
following filtering function [14]
v(t)∝ ∂u(t)
∂t
+ iΔωu(t), (1)
where Δω = ωcar − ω0. Assuming that the input optical
pulse is transform limited with a real temporal envelope u(t),
the temporal intensity profile of the signal at the optical
diﬀerentiator output can be written as follow:
|v(t)|2 ∝
∣
∣
∣
∣
∂u(t)
∂t
∣
∣
∣
∣
2
+ Δω2|u(t)|2. (2)
The whole principle, described in what follows, is schemat-
ically shown in Figure 2. For ωcar = ω0 (Δω = 0) the
device operates as an optical diﬀerentiator. However, for
ωcar /=ω0, the output |v(t)|2 consists of a sum of the diﬀer-
entiated waveform and the original waveform, with a relative
weight given by the detuning factor Δω2. When u(t) is a
temporally symmetric pulse (e.g., Gaussian-like waveform),
the diﬀerentiated pulse is a symmetric double-pulse [15].
Hence, the resulting output intensity waveform is a super-
position of the diﬀerentiated waveform (double-pulse inten-
sity profile, first term in (2)) and the original Gaussian pulse
intensity profile (second term in (2)), where the Gaussian
pulse intensity peak coincides with the energy valley in
the double-pulse waveform. The amount of energy of the
original Gaussian pulse that is present in the generated pulse
is proportional to the frequency detuning factor Δω. As the
frequency detuning Δω increases, the diﬀerentiated pulse is
gradually reshaped in such a way that the central valley of
the temporal double-pulse intensity is filled by the residual
original Gaussian profile, leading to the formation of a single
flat-top pulse for an optimal frequency detuning. Generally,
the generated flat-top optical pulse is not transform-limited,
that is, the pulse temporal profile exhibits a certain nonlinear
phase variation. This poses no problem with applications in
which only the intensity profile is of interest, for example,
nonlinear optical switching experiments based on the Kerr-
eﬀect (e.g., cross-phase modulation, XPM) in which the flat-
top pulse waveform is used as the pump pulse.
Unlike other fiber pulse-shaping techniques, for example,
based on Fourier filtering [1, 11–13], the optical diﬀeren-
tiation-based scheme does not require precise control of the
relation between the input pulse and the filter characteristics
in terms of bandwidth, provided the diﬀerentiator band-
width is larger than that of the input pulse. This gives an
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Figure 2: Principle of flat-top pulse generation using a frequency-detuned optical diﬀerentiator, Δω = ωcar − ω0.
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Figure 3: Amplitude and phase characteristics of the fiber LPG
filters. Measured field amplitude and phase characteristics of the
realized long, S3 (red) and short S1 (blue) LPGs together with the
theoretical characteristics of an ideal diﬀerentiator similar to S3
(green, dash-dotted lines). The S3 and S1 LPG operational band-
widths (highlighted in the figure) are 5.5 nm and 19 nm, respec-
tively. The inset shows a fiber uniform LPG, where the level of green
corresponds to the refractive index.
additional flexibility as a single diﬀerentiation device can
be used with diﬀerent short-pulse sources emitting pulses
of various durations and shapes. The rise/fall edges of the
flat-top pulse are determined by the rise/fall edges of the
input pulse (more specifically, by its diﬀerential), while the
duration of the flat-top pulse is scaled with the duration
of the input pulse. As a result, flat-top pulses of diﬀerent
durations can be generated from the same diﬀerentiation
device by simply tuning the time width of the input optical
pulse (this also requires a proper adjustment of the pulse-
LPG frequency detuning) [14].
2.2. Implementation Based on a Single-LPG Optical Diﬀer-
entiator. In a first implementation, we created the optical
diﬀerentiator using a single uniform LPG [19, 20]. As dis-
cussed above, an optical temporal diﬀerentiator is essentially
a linear filtering device providing a spectral transfer function
proportional to i(ω−ω0). Consequently, the two key features
of the filter’s transmission are (i) it depends linearly on the
base-band z frequency, and (ii) it is zero at the signal central
frequency ω0. These two key features imply an exact π phase
shift across the central frequency ω0. The ideal complex
transmission of an optical diﬀerentiator is schematically
shown in Figure 3.
The required energy depletion at the signal central
frequency can be produced by resonance-induced complete
energy transfer elsewhere. Specifically, in fiber optics, this can
be achieved by resonant transfer of light between two modes
of the optical fiber waveguide. Resonant light coupling
is induced when the light propagates through the two
interacting modes with identical speeds, which is practically
attainable, for example, by an increase or decrease of the
light speed in one of the modes using a suitable phase
diﬀraction grating [16]. The specific diﬀraction grating used
in our experiments, which is realized as a periodic change of
the refractive index along the direction of light propagation
within a single optical fiber, induces resonant coupling
between two co-propagating modes and is commonly called
long-period fiber grating (LPG) [35]. The term “long” refers
to its period, which typically varies from tens to hundreds
of micrometers, as opposed to short-period gratings (fiber
Bragg gratings, FBGs), where the light is backscattered,
resulting in coupling between modes traveling in opposite
directions (in a Bragg geometry, the corrugation period is
approximately half the optical wavelength, micrometers, or
less).
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The phase matching condition in order to achieve mode
coupling between the core mode and the forward propaga-
ting cladding modes is given by
β01 − β(n)cl =
2π
Λ
, (3)
where β01 and β
(n)
cl are, respectively, the propagation con-
stants of the core and the nth-claddingmode, andΛ is the pe-
riodicity of the grating. The ratio of power coupled into the
nth-cladding mode to the initial power contained in the core
mode is given by
P(n)cl (L)
P01(0)
=
sin2
[
κL
√
1 + (δ/κ)2
]
1 + (δ/κ)2
, (4)
where δ is the detuning parameter
δ = 1
2
[
β01 − β(n)cl −
2π
Λ
]
, (5)
L is the grating length, and κ is the rate of the induced
coupling per unit length between the core guided mode and
cladding mode(s) [35]. To obtain eﬃcient coupling between
these modes, the period of the LPG must be properly ad-
justed to cause light diﬀraction from the core mode into the
chosen cladding mode. Due to the diﬀerent dispersion slopes
of these two modes, the resonant coupling occurs only at a
specific frequency ω0, referred to as the LPG resonance fre-
quency. It is known that if the device is designed to exactly
satisfy the condition κL = π/2 then the grating induces a
total (100%) energy coupling from the input guided core
mode into the cladding mode (at ω0). An optical fiber-based
LPG specifically designed to provide 100% coupling between
the fiber core mode and one of its cladding modes at the res-
onance frequency provides both the required π phase shift
and the transmission linear dependence that is necessary for
time diﬀerentiation (assuming that the input optical signals
are centered at the LPG resonance frequency) [19]. Such an
LPG, coincidentally, has the required spectral linear response
over a bandwidth as broad as several terahertz [20].
To implement an LPG-based optical diﬀerentiator, strin-
gent control of the fiber LPG coupling strength (which must
be fixed exactly at κL = π/2) is required. The transmission
spectral responses of two LPG samples fabricated for optical
diﬀerentiation are reported in Figure 3. These samples were
made in a standard fiber sample (SMF-28, Corning Inc.),
using the established point-by-point technique with a CO2
laser [36], and they have physical lengths of 2.6 cm (sample
S1) and 8.9 cm (sample S3), respectively, and a grating period
of 415 μm. To perform a very fine tuning of the grating
strength (coupling coeﬃcient), we used a technique which
takes advantage of the coupling coeﬃcient dependence on
the fiber longitudinal strain [37].
The amplitude and phase characteristics of the fiber LPG
samples were measured by an Optical Vector Analyzer (Luna
Technologies), and are shown in Figure 3. The linear and
quadratic terms in the phase curve—caused by the delay
and linear chromatic dispersion, respectively—have been
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temporal profiles of the synthesized waveforms at the uniform LPG
output when a 1.8 ps input pulse is launched at the input for
diﬀerent input pulse-LPG wavelength detuning (Δλ) conditions.
subtracted. We measured an exact π phase shift at the filter
resonance wavelength (1535 nm for S1, 1534 nm for S3),
which is an essential feature to obtain the desired filter-
ing operation. The LPGs exhibited an extremely deep atten-
uation, breaking the 60 dB limit, confirming operation at
almost exact full-coupling condition, as required by our ap-
plication. The usable (“operational”) bandwidths of the fab-
ricated LPGs were approximately 19 nm (S1) and 5.5 nm
(S3). Notice that the “operational” bandwidth is the LPG
resonance bandwidth over which the fiber filter provides
the desired filtering function (i.e., a linear function of fre-
quency). This corresponds approximately to the bandwidth
over which the LPG transmission (in intensity) is lower than
10%.
As discussed in Section 2.1, for flat-top pulse generation,
the LPG resonance frequencymust be properly detuned from
the carrier frequency of the input Gaussian-like pulse [14].
Figure 4 shows experimental results on the formation of a
flat-top optical pulse via propagation of a nearly-transform-
limited Gaussian-like pulse through the LPG sample S3 re-
ported above with a proper frequency (wavelength) detuning
[14]. The input pulses in the experiment shown in Figure 4
were Gaussian-like optical pulses generated from a passively
mode-locked wavelength-tunable fiber laser (Pritel Inc.) with
full-width-half-maximum (FWHM) pulse width of 1.8 ps.
The pulses from the laser were first launched into a polariza-
tion controller, as the fiber LPGwas slightly birefringent [38],
and were subsequently propagated through the LPG-based
pulse shaper. The output spectrum was monitored using
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Figure 5: Measured spectra corresponding to the synthesized wave-
forms in Figure 4.
an optical spectrum analyzer (OSA). We used a fiber-based
Fourier-transform spectral interferometry (FTSI) setup to
retrieve the complex temporal waveform of the output pulse
(in this setup, the input pulse was used as the reference
pulse) [39, 40]. FTSI allowed us to monitor the obtained
temporal waveform and optimize the experiment conditions,
namely, wavelength detuning (in our experiment, this was
achieved via fiber laser tuning) and slight adjustment of
the LPG coupling coeﬃcient (via LPG straining), so that to
achieve the desired flat-top temporal waveform. Figures 4(a)
and 4(b) show the amplitude and phase temporal profiles
recorded at the LPG output for diﬀerent values of the pulse-
LPG wavelength detuning, Δλ = 0 (dotted, red curves),
–0.4 nm (dashed, green curves), and –1.3 nm (solid, blue
curves), as well as the initial Gaussian pulse (dash-dotted,
black curve). The measured spectra corresponding to the
three shown temporal waveforms are shown in Figure 5. The
estimated FWHM time width of the experimentally generat-
ed flat-top waveform (for Δλ = −1.3 nm) is ≈3.2 ps. The
energetic eﬃciency of the performed filtering process (ratio
of the output power to the input power) was measured to be
5.5%. Energetic eﬃciency can be increased by use of an LPG
with a narrower resonance bandwidth, that is, approaching
the input pulse bandwidth [19].
Due to the large bandwidth inherently provided by LPGs,
this technique is well suited for pulse re-shaping operations
down to the subpicosecond regime and as a result, it is
easily scalable to ultrahigh bit rates (e.g., 640Gbit/s). In addi-
tion, as mentioned above, flat-top pulses of diﬀerent dura-
tions can be achieved from the same LPG pulse shaper by
simply modifying the input pulse time-width and the cor-
responding pulse-LPG frequency detuning. For instance, 1-
ps (FWHM) flat-top pulses were generated using this same
LPG sample, S3, from ∼600 fs Gaussian-like input pulses
[14]. Using numerical simulations, we have estimated that
flat-top waveforms with time widths down to ≈550 fs (from
≈290-fs input Gaussian-like pulses) could be eﬃciently syn-
thesized using this LPG sample, S3. Shorter flat-top pulses
could be generated using an LPG with a broader resonance
bandwidth, for example, sample S1.
As another interesting advantage of the single LPG flat-
top pulse re-shaping method, we have shown that a consid-
erable group-velocity dispersion-induced distortion on the
flat-top pulse profile, for example, as caused by propagation
through a few meters of standard SMF, can be compensated
through a simple axial strain applied along the LPG [15].
Notice that the above reported LPG was photo-inscribed
from one of the sides of the optical fiber. This procedure
yields nonuniform refractive index change across the fiber
cross-section, which typically introduces a slight photo-
induced birefringence [38]. This causes the resonance fre-
quency to vary depending on the polarization of the input
light. Fiber illumination simultaneously from three sides of
the fiber can be achieved using two-mirrors-assisted CO2
laser radiation [41]. This configuration yields azimuthally
symmetric illumination of the fiber, greatly reducing the
photo-induced birefringence in the LPG. More discussions
on this important practical issue, including detailed evalu-
ation of the LPG resonance birefringence, can be found in
Section 3.1 below.
2.3. Implementation Based on a Double-LPG Optical Diﬀeren-
tiator. Optical diﬀerentiation can be achieved using a two-
arm (e.g., Mach-Zehnder, MZ-type) interferometer operated
around any of its destructive interference frequencies [42].
Such an interferometer device can be created in an all-fiber
format using two concatenated uniform LPGs [21]. This con-
figuration oﬀers an increased stability against environmental
fluctuations and the potential for ultra-broadband operation
bandwidths, well in the THz range. In what follows, we
review the principle of operation of a two-arm interferom-
eter as an optical diﬀerentiator and its implementation using
concatenated LPGs.
A symmetric (splitting/coupling ratio of 50%), unbal-
anced (the two interfering paths are of diﬀerent lengths) in-
terferometer has the following spectral transfer function:
Ht(ω−ω0)≈1+exp(iωτ)=1+exp[i(ω−ω0)τ] exp(iω0τ),
(6)
where τ is the relative time delay between the two interfer-
ometer arms. Setting the interferometer to operate at a min-
imum transmission (Ht(ω−ω0) = 0) at the carrier frequency
(ω = ω0), it follows from (6) that
τ = π(2m + 1)
ω0
, (7)
where m is an arbitrary integer. Introducing this value into
(6) we obtain:
Ht(ω− ω0) ≈ 1− exp
[
iπ(2m + 1)(ω− ω0)
ω0
]
. (8)
The function in (8) can be approximated over a suﬃciently
narrow bandwidth centered at ω0 by the first terms of the
Taylor series expansion:
cos
(
π(2m + 1)(ω − ω0)
ω0
)
∼= 1,
sin
(
π(2m + 1)(ω− ω0)
ω0
)
∼= π(2m + 1)(ω − ω0)
ω0
,
(9)
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resulting in
Ht(ω − ω0) ≈ −i(ω − ω0)π(2m + 1)
ω0
= −i(ω − ω0)τ,
(10)
which is the transmission function required for optical tem-
poral diﬀerentiation. As follows from the above discussion,
the expression in (10) strictly holds over a narrow bandwidth
of frequencies (around ω0) that satisfy the condition (ω −
ω0) π/τ. Said another way, a broader diﬀerentiation band-
width can be achieved by decreasing the relative time delay
in the interferometer. However, as implied by (10), a reduced
relative delay translates into a larger attenuation (higher in-
sertion loss) in the interferometer spectral transfer function,
leading to a decreased energetic eﬃciency in the device oper-
ation.
This symmetric unbalanced MZ interferometer device
can be created using an all-fiber device consisting of a cascade
of two LPGs, Figure 6 [21]. The light is split by the first
LPG, then propagates in the core and cladding modes with
diﬀerent speeds and is superimposed coherently using the
second LPG. The key in obtaining optical diﬀerentiation is
a precise symmetry of the MZ interferometer in terms of the
splitting ratios in order to obtain full destructive interference.
The first LPG couples 50% of light into a cladding mode.
Subsequently, 50% of energy propagates in the cladding
mode while the other 50% propagates in the core mode.
The light propagating in the core mode accumulates (with
respect to the cladding-propagating portion of the signal) a
delay τ due to the diﬀerence in the group velocities between
the core and cladding modes. As both modes propagate
within the same fiber and as the interferometer length is
typically of the order of a few to tens of centimeters, any
environmental change influences both modes in nearly the
same manner, which results in a very robust device opera-
tion. Moreover, as mentioned above, the LPGs can be fabri-
cated so that their performance is almost independent on the
input polarization [41]. In this way, the filter can be made
very weakly polarization dependent.
As discussed, for flat-top pulse generation, a nearly trans-
form-limited Gaussian-like optical pulse with a central fre-
quency properly detuned with respect to the diﬀerentia-
tor resonance (destructive interference) frequency must be
launched at the device input. Figure 7 reports the spectral
transfer function of a pair of cascaded LPGs, inscribed
in a conventional telecommunication standard SMF, which
have a period of 387 μm and are spaced 28mm apart [27].
This leads to a time delay of 390 fs between the recom-
bined cladding and core pulses. This pair of LPGs was in-
scribed using two-mirrors-assisted CO2 laser side radiation,
considerably reducing the photoinduced birefringence. After
inscription of the first LPGwith resonant attenuation slightly
over 3 dB (typically 3.2 dB) we moved the translation stage
by a distance L and inscribed the second LPG. During in-
scription of the second LPG, the transmission was mon-
itored along both axes of birefringence after each period
inscribed (using a superluminescent light-emitting diode,
fiber polarizer, polarization controller, and optical spectrum
analyzer) and the inscription process was stopped when the
resonant attenuation of two consecutive MZ interference de-
structive interference wavelengths (that appeared around the
LPG resonance wavelength) attained its maximum value—
typically more than 30 dB. As the coupling strength of LPGs
was slightly strain dependent, the strain applied to the fiber
with the two LPGs inscribed was used subsequently to main-
tain the point of operation.
Figure 8 shows the simulated output pulse intensity
profiles for diﬀerent input pulse—LPG detuning factors,
when the input pulse is a 700 fs Gaussian (almost double the
inter-modal relative time delay) [27]. Figure 8 displays the
fully destructive interference case (trace 1), with a central
dip in the pulse shape and spectrum (the device is working
as an optical diﬀerentiator [5]), and the partially destructive
interference case (traces 2-3), where the dip gets filled up to
achieve a flat-top pulse. Tuning the input pulse wavelength to
an oﬀset <4 nm from the destructive interference wavelength
of the LPG interferometer leads to formation of a flat-top
pulse shape, as seen in trace 3. The corresponding measured
output spectrum is represented in Figure 7. This corresponds
to a generated ∼1.2 ps flat-top pulse centered at 1536 nm.
Notice that a similar LPG configuration (cascaded LPG
device illustrated in Figure 6) can be used for transform-
limited flat-top pulse generation [22]. To achieve a trans-
form-limited pulse at the system output, the input pulse time
width must be precisely fixed according to the interferometer
relative delay; in addition, the input pulse must be spectrally
centered at a constructive-interference frequency of the
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device. Diﬀerent pulse waveforms could be generated using
this same pulse coherent superposition concept by simply
changing the interpulse relative delay [13]. In another recent
experiment, a similar double-LPG device was used to gen-
erate parabolic-like optical pulses aimed at ultra-broadband
flat spectral broadening (supercontinuum generation) by
nonlinear propagation through a normally dispersive optical
fiber [43].
3. Nonlinear Optical Time Division
Demultiplexing at 640Gbit/s Using
Flat-Top Pulse Gating
3.1. Flat-Top Pulse Gating Schemes Based on a Single-LPG
Shaper. The single-LPG scheme for flat-top optical pulse
shaping described in Section 2.1 above has been successfully
employed to generate optimized gating (control) pulses for
error-free and jitter-tolerant nonlinear switching in optical
time division multiplexing (OTDM) systems operating up
to 640Gbit/s [24–26]. The use of flat-top control pulses for
demultiplexing in OTDM schemes has proved greatly advan-
tageous as compared with the use of Gaussian-like pulses:
flat-top pulse gating oﬀers significant improvements in
receiver sensitivity and timing-jitter tolerance. We reiterate
that increasing tolerance to timing jitter in the system is of
critical importance for serial data transmission in telecom-
munication links operating at rates of 160Gbit/s and above.
In a first experimental demonstration [25], picosecond
flat-top pulses generated from a single-LPG detuned diﬀer-
entiator were employed as gating pulses in a 640-to-10Gbit/s
demultiplexing configuration and they were demonstrated
to provide an ∼13 dB improvement in receiver sensitivity as
compared to the use of Gaussian-like control pulses and a
jitter tolerance of ∼500 fs, nearly 30% of the one-bit time
window.
Figure 9 shows a schematic of the experimental setup. It
consists of three principal parts that will be described sub-
sequently: the flat-top pulse generator, the transmitter, and
the demultiplexer, a nonlinear optical loop mirror (NOLM).
The NOLM consists of a Sagnac interferometer [28] con-
taining a 50m long section of a highly nonlinear fiber
(HNLF, dispersion slope ∼0.018 ps/nm2 km, zero dispersion
at 1554 nm, and nonlinear coeﬃcient of γ ∼ 10.5W−1 km−1).
The signal propagates inside the loop in both (oppo-
site) directions and interferes at the NOLM’s input/output
coupler. Without the presence of the gating signal, the
phase diﬀerence experienced by light propagating in both
directions is zero, which results in constructive interference
at the input port of the NOLM, that is, the signal is reflected
back. In the presence of the gating pulse that propagates
unidirectionally in the NOLM only, the copropagating signal
light experiences a Kerr-eﬀect-induced nonlinear phase shift,
which introduces a phase diﬀerence between signals propa-
gating in both directions. Adjusting the parameters (e.g., the
gating signal intensity) to produce a phase diﬀerence equal
to π, the signal, which is overlapped with the gating pulse, is
directed to the NOLM output port. For optimum operation,
the gating signal has to be propagated simultaneously with
the target data pulse. Tominimize dispersion-induced delays,
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Figure 10: Cross-correlation of the data (dashed), flat-top (solid),
and nonflat-top (dash-dot) gating pulses.
the signal and gating pulses should be respectively located at
each diﬀerent side of the zero-dispersion wavelength of the
NOLM (1554 nm). Nonetheless, any delay between these two
pulses (caused, e.g., by the timing jitter) severely degrades the
performance. As the tolerance to the timing jitter scales with
the one-bit time slot duration, higher repetition rate systems
are generally more timing-jitter sensitive.
The flat-top pulse generator consists of an ERGO (erbi-
um glass oscillator) pulse source emitting 1.2 ps full-width-
half-maximum (FWHM) pulses at 10GHz at 1543 nm with
rms timing jitter of 90 fs (measured by the von der Linde
method [44], integrating the phase noise spectrum from
1 kHz to 1GHz). These pulses are further soliton compressed
using an optical amplifier in saturation to obtain 450 fs pulses
(measured with an autocorrelator). Subsequently, the pulses
are propagated through the LPG filter. The used LPG is
110mm long with a period of 530 μm and is made in a
standard SMF-28 fiber using CO2 laser irradiation and the
point-by-point technique [36]. Its coupling strength that is
close to the full coupling condition (zero transmission at the
resonance wavelength) is slightly tunable using axial strain
[37]. The FWHM of the LPG notch is 6 nm in power trans-
mission. Following optimization of the frequency detuning
between the input pulse and LPG resonance, flat-top pulses
that give a cross-correlation FWHM of ∼1.4 ps are obtained
at the LPG output. The sampling pulse used for the cross-
correlation is a 500 fs FWHM Gaussian-shaped pulse (meas-
ured using an autocorrelator). The temporal characteristics
of the flat-top pulses at the LPG shaper output are shown
in Figure 10. The flat-top width of the pulses measured at
98% of the pulse cross-correlation peak power is measured
to be 550 fs. Considering the relatively long duration of the
sampling pulse used for the cross-correlation, the actual
pulse flat-top part is expected to be slightly larger and
the FWHM slightly smaller compared to the cross-cor-
relation values. Due to an unwanted photoinduced bire-
fringence of our in-house made LPG-based filter, a polar-
ization controller is employed to operate the LPG-based filter
within one principal axis of birefringence. The energetic ef-
ficiency of the filtering process (ratio of the signal powers at
the LPG output and input) was measured to be 24%.
−40 −35 −30 −25 −20
3
4
5
6
7
8
9
10
11
−
lo
g(
B
E
R
)
Channel 31
10 Gb/s b-b
640/10 falt top
640/10 Gaussian
−18.5−32.5
−35.9
Receiver power (dBm)
Figure 11: BER characteristics: back-to-back (squares), using flat-
top pulses (circles), and using nonflat-top pulses (triangles). The
demultiplexing results are from the same data channel.
The transmitter consists of another 10GHz ERGO source
emitting at 1557 nm, a pulse compressor based on HNLF
followed by SMF-28 standard fiber giving pulses of 530 fs
FWHM duration (estimated from autocorrelation measure-
ments) with measured rms timing jitter of 70 fs. The pulse
train is data modulated at 10Gbit/s (27-1 PRBS) and optical
time division multiplexed (OTDM) up to 640Gbit/s, see
cross-correlation trace of the data signal in Figure 10. Thus,
the 640Gbit/s serial data signal is composed by 64 channels,
each at 10Gbit/s. Please note that in practice, the data modu-
lated pulses are multiplexed to 40Gbit/s before compression,
in order to avoid unwanted dispersive broadening in the first
multiplexer-stages. The multiplexer (MUX) is polarization
and PRBS maintaining (for 27-1 PRBS word length) with a
(27-1)/2 bits fiber delay in each MUX stage. The cross-cor-
relation measurement of the multiplexed 640Gbit/s data
signal evidences that the individual data channels have been
temporally aligned with the correct distance to neighboring
channels, that is, about 1.57 ps, and the pulses are adequately
narrow to obtain a reasonable resolution of the individual
channels using the 500 fs reference pulses.
The amplified flat-top gating signal and properly delayed
transmitter signal are launched into the NOLM demulti-
plexer. The 10Gbit/s demultiplexed signal at the NOLM out-
put is filtered by a band-pass filter (1.4 nm) to filter out
noise and residual gating signal at 1543 nm before being ana-
lyzed using a bit error ratio (BER) analyzer. We used a free-
running ERGO as a master clock and then o/e converted
its pulses to lock all other subsystems to it. This reduced
the timing jitter to 70 fs rms for the data and 90 fs for
the clock pulses. For the system evaluation (results shown
in Figure 11), we measure the back-to-back sensitivity at
10Gbit/s first. Subsequently, we characterize the 640-Gbit/s
setup: we measure power penalty using the optical gate based
10 International Journal of Optics
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Figure 12: Eye diagrams obtained for flat-top and non-flat-top gating pulses.
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Figure 14: BER timing-jitter tolerance (triangles) and intensity
profile of the used flat-top pulse (dashed).
on the flat-top pulses and for comparison with a non-flat-
top pulse. The non-flat-top reference pulse is prepared by
simply detuning the LPG, which enables us to remain on
the same data channel, yielding a fair comparison of the two
pulse types. The non-flat-top reference pulse is a Gaussian-
like shaped 900 fs FWHM pulse, see plot in Figure 10.
From Figure 11 we see that the use of non-flat-top gating
pulses results in an additional power penalty of 13 dB for the
error-free level of BER = 10−9 compared to the flat-top case,
where the penalty is only 3.5 dB with respect to the 10Gbit/s
back to back. Moreover, there is an error floor using non-
flat-top pulses indicating that the system is limited by relative
timing jitter, which is over 110 fs rms in our system (consid-
ering independent transmitter and gating signals timing jitter
of 70 fs and 90 fs, resp.). This is confirmed by the fact that the
use of the flat-top gating pulses with a flat-top width five-
times wider than the system rms timing jitter does not lead
to the appearance of an error floor. That is, the non-flat-top
error floor does not stem from interference fromneighboring
channels but only from timing mismatch with the data pulse
caused by their relative jitter. For this reason flat-top pulses
perform better, because their shape combined with the non-
linear mechanism of performing the demultiplexing process
leads to a quasisquare switching window. This is further
confirmed by the eye diagrams that are shown in Figure 12.
We clearly see that using the non-flat-top gating pulses leads
to amplitude noise, which is typical for timing jitter-limited
systems. Again, influence of this phenomenon is considerably
reduced when flat-top gating pulses are used. All these
measurements were carried out on the same data channel.
Furthermore, we measure the system performance for all
64 tributary channels. Figure 13 shows the sensitivities for all
64 channels when using the flat-top pulses to gate with. We
see that it is possible to resolve all channels and demultiplex
them. But since some of the channels partially overlap, we see
that some pairs of channels are not as good as the rest, and 12
of the 64 channels are not error-free due to the suboptimum
MUX alignment. This is purely a feature of the multiplexer
and is consequently not associated with the gating pulses.
In fact the flat-top-pulses clearly reveal the quality of the
multiplexed signal in a much better way than the non-flat-
top pulse would have been able to with its large penalty.
Furthermore, with 52 channels error free, it can be concluded
that the flat-top pulses are unambiguously appropriate for
640Gbit/s operation.
The previous data clearly shows that the used flat-top
gating pulses are capable of mitigating the system timing
jitter being over 110 fs rms. To find a maximum value of
the timing jitter that can be tolerated by the demultiplexer
with the available flat-top pulses, we increase the power at
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Figure 15: Measured spectral transmission responses of the LPG diﬀerentiators used (a) on the [25] (results shown in Figures 10–14) and
(b) on the [26] (results shown in Figure 16) for the two orthogonal input light polarization states.
the receiver by 5 dB over the error-free level and vary the
delay between the data and gating pulses. Subsequently, we
measure the BER for diﬀerent levels of this delay, Figure 14.
The flat-top waveform is also shown in order to visualize the
relation between the gating pulse flat-top duration and the
amount of delay that can be tolerated for error-free opera-
tion (with BER < 10−9). We see that an additional time dis-
placement of 350 fs can be tolerated. Together with the sys-
tem jitter of 110 fs, this gives almost 500 fs tolerance or 30%
of the 640Gbit/s time slot, which is a value very close to the
flat part of the flat-top pulse of 550 fs. For non-flat-top gating
pulses, the system does not tolerate any additional timing
jitter, indicating that the system is already limited by its tim-
ing jitter of 110 fs rms.
In addition to the above critical advantages, it has been
also demonstrated that the use of flat-top control pulses in
a nonlinear time-domain demultiplexing system may help
in achieving polarization-independent operation [45]. The
latter is a highly desired feature in an optical demultiplexer,
enabling it to process incoming optical data signals with arbi-
trary states of polarization, as it is usually the case in pra-
ctical systems. For this purpose, the flat-top pulse-shaping
element should be polarization independent. As mentioned
above, LPG-based pulse shapers with significantly reduced
polarization dependence can be created by fabricating the
LPG devices through a two-mirror assisted CO2 laser radia-
tion configuration, which yields azimuthally symmetric illu-
mination of the fiber [41], greatly reducing the photo-in-
duced birefringence in the fabricated LPGs. Figure 15(b)
shows the measured transmission spectral response for the
two orthogonal light polarization states of a single LPG dif-
ferentiator fabricated using this improved configuration
[26]. As anticipated, a nearly polarization-independent re-
sponse is achieved (polarization splitting ∼0.1 nm), in sharp
contrast to the conventional single-side illuminated LPG dif-
ferentiator (polarization splitting ∼1 nm), see Figure 15(a)
showing the measured spectral responses for the two orthog-
onal light polarization states of the LPG used in the nonlinear
switching experiments described above [25]. Notice that the
newly fabricated LPG diﬀerentiator also exhibits a signif-
icantly larger operation bandwidth (FWHM bandwidth of
the resonance notch ∼15 nm) than that used in our previous
experiments (∼6 nm). This enables the generation of shorter
flat-top pulse waveforms (∼840-fs FWHM from a 500 fs
input Gaussian-like pulse) with an improved intensity-
profile quality, leading to a significantly improved BER per-
formance when employed for 640-to-10Gbit/s demultiplex-
ing in the nonlinear switch [26]. In particular, the optimized
LPG diﬀerentiator yields less than 0.5 dB receiver sensitivity
penalty relative to the 10Gbit/s back-to-back measurements,
see results in Figure 16, as compared with the >3 dB penalty
measured for the previous LPG filters, see results in Figure 11
above. A total timing jitter tolerance of ∼310 fs has been
experimentally estimated when using the newly generated
flat-top pulse waveform [26]. The observed decrease in the
jitter tolerance (as compared with the results obtained with
the previous flat-top pulse, ∼500 fs) can be attributed to the
fact that the new pulse has a shorter flat-top section.
3.2. Flat-Top Pulse Gating Schemes Based on Double LPG
for Polarization-Independent Demultiplexing. Polarization-
independent (PI) operation is one of the most desired
features of an optical demultiplexer, enabling it to pro-
cess incoming optical data signals with arbitrary states
of polarizations. But nonlinear eﬀects such as cross-phase
modulation (XPM) or four wave mixing (FWM), which
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are used in ultrahigh-speed all-optical demultiplexing, are
inherently polarization dependent. This is the case also for
the standard NOLM, since it is based on an XPM-induced
phase shift.
The principle for canceling the data polarization-de-
pendence of the NOLM is based on the careful use of its
periodic power transfer function without introduction of
any structural modifications [45]. The operation is shown
in Figure 17. The polarization states are shown to the left:
the control polarization is set to a linear state along the
y-axis, and the data is in a random (elliptical) state with field-
components Ex and Ey along the x- and y-axes, respective-
ly. The XPM phase shift Δϕy induced by the control pulse
on the parallel Ey-component is three-times larger compared
to the XPM phase shift Δϕx induced on the perpendicular
component Ex. The power transfer function of the NOLM
as a function of the phase-shift is shown to the right. It is
possible to find conditions under which the XPM phase-
shifts of the two data-polarization components Ey and Ex,
Δϕy and Δϕx = 1/3Δϕy , respectively, give rise to equal
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transmissions Ty and Tx. This will result in a polarization-in-
dependent switching operation and it occurs at (Δϕx;Δϕy) =
(π/2; 3π/2) and (Δϕx;Δϕy) = (π; 3π). These conditions can
be achieved by carefully adjusting the average control pulse
power Pctrl, since the XPM-phase shift is proportional to Pctrl.
It is easy to understand that PI operation of the NOLMwould
benefit from the utilization of flat-top control pulses. This is
related to the fact that a constant control pulse power would
result in a constant phase shift along the data channel to be
demultiplexed.
The double-LPG flat-top pulse shaper described in
Section 2.3 above has been successfully employed for polar-
ization-independent nonlinear switching in a 640-to-
10Gbit/s demultiplexing experiment [27]. Figure 18 shows
the experimental setup for the PI-NOLMoperation using the
cascaded LPG pair as a flat-top pulse shaper (see detailed
descriptions on this specific pulse shaper in Section 2.3
above). An ERGO pulse source runs at 10GHz and emits
1.5 ps wide pulses at 1542 nm, which are used to create a sup-
ercontinuum in 400m of dispersion flattened highly nonlin-
ear fiber (DF-HNLF). The output from the DF-HNLF is used
to generate the control and data signal by using two optical
band-pass filters centered respectively at 1536 and 1555 nm.
The double-LPG filter is used for generation of a 1.2 ps
flat-top pulse centered at 1536 nm from an input 700 fs
Gaussian-like pulse. The generated flat-top pulse is subse-
quently used as control in an NOLM with 15m HNLF (dis-
persion slope S ≈ 0.015 ps/(nm2 km), zero dispersion at λ0 =
1545 nm, and nonlinear coeﬃcient γ ≈ 10.5 W−1 km−1).
The data is a 640Gbit/s OTDM signal (PRBS 27-1, single
polarization) centered at 1555 nm, with 410 fs wide pulses.
The data is subsequently demultiplexed down to 10Gbit/s for
BER characterization.
The polarization state of the data signal is randomized in
a polarization scrambler running at 113 kHz. The standard
NOLM operation (nonpolarization insensitive operation)
is reached for Pctrl = 26.5 dBm. When the scrambler is
turned on the demultiplexed eye is severely deteriorated
(Figure 19(a)), independently on the polarization state of the
control. When Pctrl is increased to 27.6 dBm and the control
polarization is optimized, then the NOLMworks in PI mode.
With the scrambler on, the eye remains open as seen in
Figure 19(b). By using a slow photodetector it is possible to
measure 0.7 dB residual polarization dependence of the PI-
NOLM operation when the scrambler is on.
Figure 20 shows the BER measurement for the standard
and PI-NOLMoperation. As can be seen, when the scrambler
is oﬀ, the power sensitivity (at BER = 10−9) is the same
for both cases. When the scrambler is turned on, then the
standard NOLM exhibits an error floor above BER = 10−7.
In contrast, the PI-NOLM shows just a power penalty of
∼1 dB. These measurements confirm both the flat-top pulse
enhanced performance of the nonlinear switch and the PI
operation of the NOLM.
4. Conclusions
In this paper, we have reviewed some recent work on the
design and fabrication of all-fiber (LPG-based) picosecond
and subpicosecond flat-top optical pulse shapers and their
application for nonlinear optical telecommunication data
processing, particularly demultiplexing of OTDM serial data
using NOLM-based switches with flat-top gating pulses, at
bit rates up to 640Gbit/s. The reviewed set of experiments
demonstrate error-free 640-to-10Gbit/s data signal demul-
tiplexing over the 64 OTDM channels with a significantly
improved performance over the use of Gaussian-like con-
trol/gating pulses, for example, in terms of receiver sensitivity
(up to ∼13 dB), timing-jitter tolerance (up to ∼500 fs, corre-
sponding to ∼30% of the OTDM signal bit period), and
optimized polarization insensitivity.
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Figure 19: Eye diagrams for the demultiplexed 10Gbit/s signal for the (a) standard, and (b) PI-NOLM operations, with polarization scram-
bler on and oﬀ.
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Figure 20: BER curves for the standard and PI-NOLM operation.
Inside: 640Gbit/s eye diagram.
The described LPG-based optical pulse-shaping methods
can be readily used for generation of even shorter flat-top
pulse waveforms, opening the path for the creation of optical
time-division demultiplexing platforms with an optimized
performance at 1.2 Tbit/s and above.Moreover, other tempo-
ral pulse shapes of practical interest (e.g., triangular or para-
bolic waveforms) could be generated in the subpicosecond
regime using similar LPG approaches, potentially enabling
the implementation of other pulse shaping-enhanced tele-
communication signal processing/generation operations
(e.g., optimized wavelength conversion, signal copying, time-
to-wavelength mapping, high-repetition rate femtosecond
pulse generation, etc.) at unprecedented bit rates, that is, at
640Gbit/s and above.
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